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NONVOLATILE MEMORY TEST 
STRUCTURE AND NONVOLATILE 

MEMORY RELIABILITY TEST METHOD 

TECHNICAL FIELD 

The present invention relates to a nonvolatile memory test 
structure and to a nonvolatile memory test method. 

BACKGROUND OF THE INVENTION 

As knoWn, the requirements posed to the gate and/or 
tunnel oxides are becoming stricter and stricter With the 
increase of the integration level; therefore the availability of 
methods for evaluating the oxide reliability is very impor 
tant. 

A main problem in nonvolatile EEPROM and ?ash 
EEPROM devices resides in the difficulty of measuring the 
distribution of the threshold voltage of memory cells, both 
at the end of the manufacturing process (so as to obtain an 
index of the ?uctuations in the manufacture) and after 
cycling (so as to have an index of the lack of uniformity of 
the memory device degrade). 

In particular, a reliable method for precisely measuring 
the threshold voltage distribution is very useful during 
debugging and may become very important also for quali 
fying the neW products. 

The reliability of the tunnel oxide may be measured 
through very simple structures, such as capacitors, using 
different techniques (e.g., constant current stress or linear 
ramp voltage stress, exponential ramp current stress). The 
obtainable information is hoWever not alWays indicative of 
the real structure, since the cell geometry is substantially 
different from the capacitor geometry. 

Presently, the cell threshold may be obtained only When 
the device is operating, that is at a very late design and 
manufacture stage. 

Furthermore, US. Pat. Nos. 5,515,318, 5,604,699, 5,712, 
816 and 5,793,675 disclose a test structure and method for 
measuring the tail of the threshold distribution at loW 
voltage With high precision (so as to detect even a single 
defective cell) for ?ash-FEPROM devices. The test structure 
has all bit lines connected in parallel to a single drain pad (all 
the drains of the cells are connected to each other), all the 
Word lines connected in parallel to a single control gate pad 
(all the control gates are connected to each other); further 
more also the sources are connected together. Thereby, the 
threshold of all the cells may be read in parallel; in 
particular, comparing the threshold distributions obtained 
before and after applying a stress, it is possible to point out 
the shift of the tail due to a single defective cell. 

This structure does not alloW the measurement of the 
Whole distribution. Indeed, the increase of the control gate 
voltage causes an increase in the read current (Which is the 
sum of the current of the single cells, Which are gradually 
turning on); hoWever the increase of the current is limited by 
the resistance in series to the circuit and by the distributed 
resistance of the circuit. Thus the structure becomes pro 
gressively less sensitive With the increase of the cells having 
a threshold voltage loWer to a given control gate voltage. 

Another limitation of the knoWn structure is that it is not 
possible to program the entire array under the Working 
conditions of the device. Programming an entire array of 
?ash-EEPROM cells Would indeed require a high channel 
current for generating hot electrons, and the above cited 
current limitation prevents the required current values to be 
reached. 
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2 
SUMMARY OF THE INVENTION 

An embodiment of the present invention provides a test 
structure and method overcoming the above limitations. The 
test structure and method alloW measuring of the entire 
threshold distribution of the test device and evaluating the 
quality of the tunnel and interpoly oxide folloWing injection 
of electrons into the ?oating gate from the substrate or from 
the control gate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of the present invention, 
embodiments thereof are noW described, purely by Way of 
non-limiting example, With reference to the attached draW 
ings. 

FIG. 1a is a circuit diagram of a ?rst embodiment of a test 
device according to the invention. 

FIG. 1b is a circuit diagram of a second embodiment of 
a test device according to the invention. 

FIG. 1c is a circuit diagram of a third embodiment of a test 
device according to the invention. 

FIG. 2a shoWs a circuit diagram of a cell of the test device 
of FIG. 1a. 

FIG. 2b is a cross-section of the cell of FIG. 2a. 

FIG. 3 is a plot of the current versus voltage for the cell 
of FIG. 2a for determining the point of Work. 

FIG. 4 shoWs the plot of the drain current versus control 
gate voltage and the respective transconductance for the cell 
of FIG. 2a. 

FIG. 5 shoWs the plot of the drain current versus control 
gate voltage for different biasing conditions of the array of 
FIG. 1a. 

FIG. 6 shoWs normaliZed plots of the transconductance 
versus control gate voltage for different biasing conditions 
of the cell of FIG. 2a. 

FIG. 7 shoWs a normaliZed plot of the drain current versus 
control gate voltage for different biasing conditions of the 
cell of FIG. 2a. 

FIG. 8 is a circuit diagram of a fourth embodiment of the 
test device according to the invention. 

FIG. 9a shoWs plots of the drain current versus control 
gate voltage of the array of FIG. 1a, after programming 
pulses of different amplitude applied to the drain terminal. 

FIG. 9b shoWs plots of the transconductance obtained 
from the drain current versus control gate voltage plots of 
FIG. 9a. 

FIG. 10a shoWs plots of the drain current versus control 
gate voltage of the array of FIG. 1a, after erasing pulses of 
different amplitude applied to the gate terminal. 

FIG. 10b shoWs plots of the transconductance obtained 
from the drain current versus control gate voltage plots of 
FIG. 10a. 

FIG. 11a shoWs plots of the drain current versus control 
gate voltage after repeated negative stresses of a test struc 
ture including defective cells. 

FIG. 11b plots of the transconductance obtained from the 
drain current versus control gate voltage plots of FIG. 11a in 
an enlarged scale. 

FIG. 12 is a circuit diagram of a ?fth embodiment of the 
test device according to the invention. 

FIG. 13 shoWs the distribution of the threshold voltages of 
the test structure of FIG. 12 for a symmetric and an 
asymmetric test structure. 

FIG. 14 is a circuit diagram of a sixth embodiment of the 
test device according to the invention. 
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FIG. 15 shows a schematic diagram of a circuit to be 
connected to the test structure according to the invention. 

FIG. 16 shoWs a schematic diagram of another circuit to 
be connected to the test structure according to the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1a shoWs a test structure 1 formed in a Wafer of 
semiconductor material housing a plurality of memory 
devices (of Which only test structure 1 is shoWn) before dice 
separation. Test structure 1 is formed by an array of memory 
cells 2; each memory cell 2 is formed by a memory transistor 
3 and by a select transistor 4 connected in series. The 
memory transistors 3 of the memory cells 2 have source 
terminals 5 connected together and to a source pad S through 
source lines 10; control gate terminals 6 connected together 
and to a control gate pad CG through control gate lines 11; 
and drain terminals 7 connected to source terminals of the 
respective select transistors 3. The select transistors 3 of the 
memory cells 2 have gate terminals 8 connected together 
and to a select transistor pad ST through select gate lines 12 
and drain terminals connected together and to a bit line pad 
BL through bit lines 13. 

In the embodiment of FIG. 1b, the select transistor 4 of 
each memory cell 2 is connected to the source terminal 5 of 
the respective memory transistor 3, instead of the drain 
terminal 7, as in FIG. 1. Therefore, the memory transistors 
3 have drain terminals 7 connected together and to the bit 
line pad BL through the bit lines 13; control gate terminals 
6 connected together and to the control gate pad CG through 
control gate lines 11 and source terminals 5 connected to 
drain terminals of the respective select transistors 4. The 
select transistors 4 have gate terminals 8 connected together 
and to the select transistor pad ST through select gate lines 
12 and source terminals 15 connected together and to the 
source pad S through the source lines 10. 

In the embodiment of FIG. 1c, a group of memory 
transistors 3 (for example eight or sixteen memory transis 
tors 3 forming a byte) is connected to a same select transistor 
4 arranged betWeen the source terminal 5 of the respective 
memory transistors 3 and the source pad S. Here, the 
memory transistors 3 have drain terminals 7 connected 
together and to the bit line pad BL through the bit lines 13; 
control gate terminals 6 connected together and to the 
control gate pad CG through control gate lines 11 and source 
terminals 5 connected together and to the source lines 10. 
Each source line 10 is connected to the drain terminal 9 of 
the respective select transistors 4. The select transistors 4 
have gate terminals 8 connected together and to the select 
transistor pad ST through a single select line 12 and source 
terminals connected together and to the source pad S 
through an output line 16. Of course, in case of further 
groups of memory transistor 3 arranged on a same roW and 
connected to oWn select transistors 4, further select lines 12 
are provided, al connected to the select transistor pad ST. In 
practice, in the embodiment of FIG. 1c, each select transistor 
4 is shared by a group of memory cells (not expressly 
referenced in FIG. 1c). 

The test structure 1 of FIGS. 1a, 1b, 1c is manufactured 
simultaneously and using the same technology of memory 
devices (not shoWn) housed in the same Wafer, and is tested 
to determine the electrical characteristics of the memory 
devices, analogously to the above cited US. patents. 

According to an aspect of the invention, the gate terminals 
8 of the select transistors 4 of all memory cells 2 are biased 
to a value next to the threshold voltage of the select 
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4 
transistor 4, so as to limit the maximum current ?oWing in 
the memory transistors 3, as explained hereinbeloW for a 
memory cell 2 of the type shoWn in FIG. 1a. The folloWing 
explanation also applies to the embodiments of FIGS. 1b, 1c. 

For a better comprehension, FIG. 2a shoWs the electrical 
diagram of a cell 2 of the test device 1 of FIG. 1a and the 
electrical quantities discussed hereinafter. Here. VD is a 
drain voltage present at drain terminal 9 of the select 
transistor 4; VST is a select voltage applied to the gate 
terminal of select transistor 4; VX is a voltage on drain 
terminal 7 of the memory transistor 3; VCG is a control gate 
voltage of the memory transistor 3; and the source terminal 
of the memory transistor 3 is grounded. Furthermore, ID is 
a drain current ?oWing in the memory cell 2. 

FIG. 2b shoWs a cross-section of the memory cell 2, 
depicting schematically the actual implementation of 
memory cell 2. In particular, memory cell 2 is integrated in 
a substrate 50, e.g., of P-type, housing a ?rst N+-type region 
51 forming a source region of the memory transistor 3, 
connected to source terminal 5; a second N+-type region 52 
forming a drain region of the memory transistor 3 and a 
source region of the select transistor 4; and a third N+-type 
region 53 forming a drain region of the select transistor 4, 
connected to drain terminal 9. Memory transistor 3 also 
includes a tunnel oxide region 55, a ?oating gate region 56, 
an interpoly dielectric region 57 and a control gate region 
58, in a per se knoWn manner. Control gate region 58 is 
biased at control gate voltage VCG. Select transistor 4 also 
includes a gate region 60 biased at select voltage VST. 

In a test condition of the test structure, the gate terminal 
8 of the select transistor 4 of each memory cell 2 is biased 
at a voltage slightly higher than the threshold voltage of the 
select transistor 4. The obtained point of Work of each 
memory cell 2 may be determined experimentally from the 
plots of FIG. 3, shoWing load characteristics of the select 
transistor 4 (curves A, B, C) and output characteristics of the 
memory transistor 3 (curves D, F, F, G, H), i.e., drain current 
I D versus intermediate voltage VX (voltage on drain terminal 
7 of the memory transistor 3) for preset values of the select 
voltage VST applied to the gate terminal of the select 
transistor 4 and for preset values of the control gate voltage 
VCG of the memory transistor 3, With the drain terminal 9 of 
the select transistor 4 held at a constant voltage (in the 
example VD=0.1 V). In particular, curve A is the load 
characteristic of the select transistor 4 at VST=0.9 V, curve 13 
is obtained at VST=0.75 V and curve C is obtained at 
VST=0.6 V; curve D is the output characteristic of the 
memory transistor 3 at VCG=4.2 V, curve E is obtained at 
VCG=4.0 V, curve F is obtained at VCG=3.8 V, curve G is 
obtained at VCG=3.6 V, and curve H is obtained at VCG=3.4 
V. 

From the plots of FIG. 3, it is clear that, in each memory 
cell 2, the drain current I D is limited by the memory 
transistor 3 at control gate voltages VCG beloW the threshold 
voltage of the memory transistor 3, and by the select 
transistor 4 at higher voltages. For high control gate voltages 
VCG, the drain current I D is clamped to a constant maximum 
value ISAT, as shoWn in FIG. 4 by a continuous line; 
correspondingly, the transconductance gm=dID/dVCG 
increases sharply up to a maximum value and then returns to 
Zero according to a bell shape. FIG. 4 also shoWs, in dashed 
lines, the plot of the drain current I D for a memory transistor 
3 of the same type, Without current limitation by the select 
transistor 4 (select voltage VST Well beyond the threshold 
voltage of the select transistor 4). 

Since the clamping effect of the select transistors 4 acts on 
each memory cell 2, the total maximum current of the test 
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structure 1 is reduced With respect to the case of the prior art 
test structure. Thus any series resistance problem is reliably 
avoided. 
As shown in FIG. 5, shoWing plots of the drain current ID 

versus control gate voltage VCG for different select voltages 
VST, the drain current I D has a step, the center point Whereof 
occurs at a value Vte? of control gate voltage VCG: 

Wherein VT is the threshold voltage (extrapolated in linear 
Zone) of the memory transistor 3 and V0 is a term 
increasing along With a reduction of the select voltage 
VST. Indeed, the loWer is the select voltage VST applied 
to the select transistor 4, the loWer is the effective 
threshold voltage VTe? and the earlier is the instant at 
Which the clamping effect of the same select transistor 
4 become effective. 

The values of VTe? and V0 may be calculated from the 
point of Work plots of FIG. 3 or determined experimentally 
on a reference cell, from the drain current versus control gate 
voltage characteristic Without and With select transistor 
clamp. 

FIG. 6 shoWs the plots of normaliZed transconductance gm 
versus the control gate voltage VCG for different select 
voltages VST. As may be seen, the select voltages VST has a 
strong in?uence on the effective threshold voltage VTe? that, 
conveniently, may be de?ned as the control gate voltage 
corresponding to the maximum of the curves. 
As visible in particular from FIG. 7, shoWing plots of 

normaliZed drain current I D/I D versus control gate volt 
age VCG, the rise Width AV of the step (calculated for 
example as AV=VCG1—VCG2, Wherein VCG]L is the control 
gate voltage VCG corresponding to the 90% of the maximum 
drain current ISAT and VCG2 is the control gate voltage 
corresponding to the 10% of ISAT) increases along With the 
select voltage VST and has a value of feW mV; thus the rise 
Width AV Will be neglected in the folloWing discussion. 
As indicated, clamping of the drain current I D is due to the 

point of Work of the select transistor 4; indeed, FIG. 3, an 
increase of the control gate voltage VCG Would cause an 
increase in the drain current I D Which in turn tends to cause 
an increase in the voltage drop VD—VX across the select 
transistor 4; thus the intermediate voltage VX tends to 
decrease, causing a reduction in the drain current I D; thereby 
resulting in a constant value current. 

Since both the rise Width and the maximum drain current 
I SAT increase With select voltage VST, it is advantageous to 
bias the select transistor 4 at a voltage causing the minimum 
cell current detectable by the ammeter (dependence of the 
select voltage on the ammeter sensitivity), so as to increase 
the resolution of the single stress steps and to avoid exces 
sive current problems (causing the above discussed clamp 
ing of the total current due to the series resistance) When a 
high number of memory cells 2 are on. In practice, the 
chosen value of select voltage VST is next to the threshold 
voltage VTHQSI of the select transistor 4 (Wherein the term 
“next” indicates a value of betWeen VTH)S€,—1.5V and 
VTH)S€l+0.5 V; preferably a value of betWeen VTHMI and 
VTH,sel_0'5 

The total current I D)TOI(VCG) of the test structure 1, after 
clamping, is given by the sum of the N elementary contri 
butions ID(VCG) of the single memory cells at a given 
control gate voltage VCG, that is: 

Therefore, by limiting the current of each memory cell 2 
to about 1—10 nm (Which may be done easily), for a 1M-cell 
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array, the total current ID)TO1(VCG) does not exceed 1—10 
nA, Which is suf?ciently loW to avoid the current clamping 
problem of the prior art test structure. 

Neglecting the rise Width of the current step With respect 
to the total Width of the distribution of threshold voltage in 
the test structure 1 (thus assuming that the memory cells 2 
turn on suddenly to the maximum current ID(VCG)), it is 
possible to obtain the distribution of the threshold voltage 
VT in the test structure 1, since the total current at any given 
control gate voltage VCG is proportional to the number of 
cells With VT<VCG. 

In particular, it is possible to demonstrate that the total 
current ID)TO1(VCG) of the test structure 1 is given by the 
convolution of a reference cell drain current ID(VCG) With 
the threshold voltage distribution D(VCG) in the test struc 
ture: 

Due to the convolution and derivative linearity properties, 
a similar relation holds for the test structure transconduc 
tance gm,TOT(VCG): 

The convolution in equations (1) and (2) can be analyti 
cally solved by introducing some approximations in the 
expression for the single cell and test structure transconduc 
tance as gaussian curves, and by ?tting these curves on a 
reference cell, for Which the drain current ID(VCG) and 
transconductance gm(VCG) have been determined. 

To this end, a test structure as shoWn in FIG. 8 may be 
used, Wherein all memory cells 2 but one are connected in 
parallel, and a reference cell 2a is separately accessible 
through a reference drain pad 20, a reference select transistor 
pad 21, a reference control gate pad 22. Reference source 
terminal may be separated, as shoWn at 23, or connected to 
the source pad S. In FIG. 8, the memory cell 2 has the 
con?guration of the test structure of FIG. 1a, shoWn in detail 
in FIG. 2a. 

Using the gaussian approximation for the reference cell 
transconductance gm(VCG), the latter may be Written as: 

(3) 
gm ( Vcc) = 

202C 

Wherein VTe?=VT—V0, as above discussed, and 0C is a 
?tting parameter and is used to best ?t the experimental 
curve measured on the reference cell 2a of FIG. 8 With 
the gaussian curve. In particular, the loWer is the select 
voltage VST and the smaller is the control gate voltage 
VCG range for Which the drain current is not clamped, 
the smaller is the ?tting parameter 0C. 

It is further assumed that the threshold voltage distribu 
tion D(VCG) is given by: 

(4) (VCG — Avm)2 
ex — i 

20% 

Where AVTO=VTO—VT is the shift of the distribution 
barycenter VTO With respect to the reference cell 2a 
(extrapolated) threshold voltage and OD is the standard 
deviation of the distribution. 

AVTO depends only on the choice of the memory transis 
tor 3 of reference cell 2a and not on the bias of the select 
transistor 4. 
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Under these assumptions, the convolution can be solved 
analytically and the test structure transconductance gmJOT 
With select transistor clamp is also gaussian and is given by: 

(Vcc — VTejf — Avn?z (5) N 

gm,T0T(VCG) = Win14 222 

Where Z2=o2C+o2D and the other symbols have the mean 
ing de?ned above. 

By best ?tting the reference cell transconductance 
gm(VCG) and the test structure transconductance gmJOT 
(VCG) using the above equation, it is possible to obtain 0C, 
VTe?, Z and AVTO and therefore infer the distribution param 
eters VTO and OD. Thus the distribution according to equa 
tion (4) may be obtained. 

The threshold voltage distribution may also be obtained 
by means of knoWn numerical method applied to equation 1 
or 2, Without the need of any approximation. The above is 
also valid for the test structures of FIGS. 1b and 1c, With a 
single reference cell separately addressable. 

The test structure 1 is particularly useful to determine the 
distribution of the threshold voltages of the memory cells 2 
using the FoWler-Nordheim tunneling both for erasing and 
for Writing, since in this case it is possible to program (Write 
and erase) the entire test structure in parallel. The required 
current is not high and thus the typical problems affecting 
cells Written by hot electron injection do not arise. It is thus 
possible to measure the distribution of virgin cells, of cells 
subject to a preset stress (not representing the Working 
conditions of the memory array) and also of cells subjected 
to a preset number of Writing and erasing cycles, in a 
completely equivalent Way to the standard operation of the 
memory array. 

For eXample, FIGS. 9a and 9b shoW the variation of the 
drain current ID and, respectively, of the transconductance 
gm after Write pulses of different positive amplitudes applied 
to the drain terminal of the memory transistor 3 causing 
extraction of electrons from the ?oating gate region 56 of the 
memory transistor 3 by FoWler-Nordheim tunneling. FIGS. 
10a and 10b shoW the variation of the drain current ID and, 
respectively, of the transconductance gm after erase pulses 
With different positive amplitudes applied to the control gate 
terminal 6 of the memory transistor 3 causing injection of 
electrons in the ?oating gate region 56 of the memory 
transistor 3 by FoWler-Nordheim tunneling. FIG. 11a shoWs 
the variation of the drain current I D analogously to FIG. 9a 
for a test structure 1 having a defective memory cell. FIG. 
11b shoWs plots of the transconductance obtained from the 
plots of FIG. 11a, in an enlarged scale, pointing out the effect 
of the defective memory cell. In FIGS. 9a, 9b, 10a, 10b the 
curves I refer to a test memory la including virgin memory 
cells (UV erased); in FIGS. 11a and 11b the curve II refers 
to a test structure 1a before control gate stress. 

Therefore, the test method is particularly simple and very 
sensitive: as regards detection of the in?uence of the single 
memory cell on the left side of the threshold distribution, the 
sensitivity is only limited by the current measuring instru 
ment and the select voltage VST (i.e., simple cell saturation 
current); and, on the right side of the threshold distribution, 
by precision of the current measuring instrument (typically, 
of the order of 0.001 to 0.01%, corresponding to 10 to 100 
cells in case of a 1M cells array). 

The present test structure alloWs different portions of the 
test structure to be checked separately, by providing a 
number of separate pads Which alloW separate addressing of 
these portions of the test structure. For eXample, FIG. 12 
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8 
shoWs a test structure 25 With separate addressing of the 
odd/even roWs; here the control gate lines 11a of odd roWs 
are connected to an odd control gate pad 30a; the control 
gate lines 11b of even roWs are connected to an even control 
gate pad 30b; the select lines 12a of odd roWs are connected 
to an odd select transistor pad 31a; the select lines 12b of 
even roWs are connected to an even select transistor pad 31b; 
the bit lines 13 are connected to a same bit line pad BL and 
the source lines 10 are connected to a same source pad S. 

Test structure 25 may point out any even/odd roW 
asymmetry, as shoWn in FIG. 13, Wherein the dashed thresh 
old distribution curve on the right is double-peaked, as 
compared With the continuous line plot, relative to a sym 
metric test structure. 

According to a different embodiment, and analogously to 
the solution of FIG. 1b, also test structure 25 of FIG. 12 may 
have the drain terminals of the memory transistors 3 con 
nected to the bit lines 13 and the source terminals 15 of the 
select transistors 4 connected to the source lines 10. In the 
alternative, and analogously to the solution of FIG. 1c, the 
select transistors 4 may be shared by a group of memory 
cells 2. 

In the alternative, all memory cells in a ?rst region may 
be connected to each other and all memory cells in a second 
region may be connected to each other. For example, the test 
structure according to FIG. 14, has byte border cells 2‘ 
connected to a ?rst bit line pad BL1, and all the remaining 
byte memory cells 2“ connected to a second bit line pad 
BL2. All memory cells 2‘ and 2“ are further connected to the 
same source pad S, the same control gate pad CG to the same 
select transistor pad. Thereby any difference betWeen border 
memory cells and the remaining cells may be pointed out. 
The test structure alloWs modulation of the maXimum 

current of the memory cells by modifying the select voltage 
VST, and thus application of different select voltages VST for 
studying different portions of the threshold voltage distri 
bution. For eXample, When observing the right side of the 
threshold distribution, characteriZed by high control gate 
voltages VCG, it is possible to set loW select voltages VST so 
as to reduce the maXimum drain current I SAT and avoid series 
resistance problems. 

Since the point of Work is very sensitive to the select 
voltage VST and to any voltage source generates a noise 
superimposed to the desired signal, conveniently the select 
voltage VST may be supplied using a resistive voltage 
divider as shoWn in FIG. 15. The resistive voltage divider 37 
of FIG. 15 comprises tWo resistors 35, 36 connected in series 
betWeen tWo nodes 38, 39 set at a high voltage VH and, 
respectively, a loW voltage VL. The resistors 35, 36, having 
a resistance of R1 respectively R2, form an intermediate 
node or tap 40 connected to the select transistor pad ST 
(FIGS. 1a, 1b, 1c, 8) or 31a, 31b (FIG. 12) to supply select 
voltage VST: 

The resistive voltage divider 37 of FIG. 15 may be 
integrated on the same Wafer as the test structure 1 and has 
the aim of reducing the noise of a voltage source 41 (shoWn 
in dashed lines betWeen nodes 38, 39) by the resistive ratio 
R2/(R1+R2). 

According to an aspect of the invention, a loWpass ?lter 
may be provided for cutting off the high frequency compo 
nents of the select voltage VST, generated by the voltage 
source 41. In FIG. 16 a loWpass ?lter 45 has a resistor 46 
connected betWeen an input terminal 47 (e.g., a pad) and an 
output terminal 48, supplying select voltage VST. The input 
terminal 47 is connected to a voltage source (not shoWn); a 
capacitor 49 is connected betWeen the output terminal 48 
and ground. 








